Galvanostatic pulse and pulse reverse techniques have been used to study the plating of zinc-nickel alloys in the presence of nonyl phenyl polyethylene oxide. The effects of average current density, rotation speed of disc electrode and the presence of nonyl phenyl polyethylene oxide in the electrolyte on deposition of zinc-nickel alloys were evaluated. Zinc-nickel plating bath solution chemistry was studied by determining the equilibrium concentrations at various pH levels. It was found that the alloy composition was determined by solution equilibria, mass transfer of the electroactive species within the diffusion layer and by the surface coverage of nonyl phenyl polyethylene oxide.
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Anomalous codeposition has been recognized in connection with several alloy deposition systems such as Fe-Ni, Co-Ni and Zn-Ni.'-* In zinc-nickel alloy deposition, zinc deposits at a faster rate leading to a higher concentration of zinc in the alloy composition. This is different from what one would expect based on the composition of the plating solution, where the concentration of nickel ions is higher than that of zinc ion^.^-^' The effects of pulse plating on zinc-nickel alloy structure in unagitated solutions were studied by Nishimura et aL2' They found that the pulse period has a major effect on the alloy crystal size. Off time also affected the nickel content and the structure of the zinc-nickel electrodeposits.
In this study, the effect of mass transfer on the composition of deposited zinc-nickel alloys from sulfate baths was investigated using galvanostatic pulse and pulse reverse plating. The effect of nonyl phenyl polyethylene oxide on the deposit structure and composition was also studied. In our previous study on electrodeposition of zinc from sulfate electrodes,22 nonyl phenyl polyethylene oxide inhibited the zinc electrocrystallization process and acted as a levelling agent. The solution chemistry of the sulfate bath used was studied as a function of pH in order to determine the nature and relative concentrations of the various electroactive species present in the system. This knowledge of the reacting species was used to explain the results obtained from the pulse plating and linear sweep voltammetric experiments.
A schematic of the pulse and pulse reverse wave forms used is shown in Fig. 1 . Pulse current was applied by the Potentiostat/Galvanostat Model 273 (PAR). The applied pulse current and the associated potential responses were monitored using an oscilloscope (Textronix 2430A digital oscilloscope). The peak cathodic potential (at the end of ton) and the peak anodic potential (at the end of to,,) were recorded as E , and E , , respectively.
The average current density is i , x (duty cycle), where duty cycle is defined as toJ(to, + toff). The pulse period (ton) and relaxation period (toff) were set at 100 ms each. For the pulse reversal mode (pr) i, = -O.2ip was used under all operating conditions.
Results and discussion

Solution chemistry of Zn-Ni plating bath
During alloy deposition at high current densities, the pH near the electrode surface is much higher than at the bulk due to the parasitic hydrogen evolution reaction.' Hence, a study of the equilibrium formation of various hydroxide species in the bath was carried out in order to identify the different components that exist in a solution at different pH levels. The
The electrochemical cell employed was a conventional threecompartment design with contact between the working electrode and the reference electrode compartment via a Luggin probe. Measurements were carried out with a rotating copper disc electrode with a geometric area of 0.6 cm2. Platinum gauze was used as a counter electrode, while a saturated calomel electrode served as a reference electrode. The experiments were conducted using an EG&G Instruments Model 351 SoftCorr System. Analytical grade NiSO, , Na2S0, , ZnSO, , nonyl phenyl polyethylene oxide (NPO) and high-purity water were used. The pH of the solution was adjusted with addition of NaOH or 20% H2S04. Atomic absorption spectroscopy and EDS were used to determine the zinc and nickel contents of the deposits. The surface morphologies were studied using SEM (JEOL JSM-35 CF scanning electron microscope in conjunction with a Northern TN-200 X-ray analysis system). Schematic diagrams of (a) pulse current waves (pc); (b) pulse concentrations of all electroactive species in the bath were calculated by using equilibrium conditions, various element balances and the electroneutrality condition for a specified pH. Suitable amounts of NaOH and H2S04 were used in the computation to obtain the whole spectrum of pH. The calculations were carried out for a bath containing 0.5 M NiSO, + 0.2 M ZnSO, + 0.5 M Na,SO,. Three different pH regions have been considered. No precipitation occurs in the first (more acidic) region. Zinc hydroxide precipitates in the second region, and both zinc and nickel hydroxides precipitate in the third. The governing equations for different pH regions and the computational details are summarized and shown in the Appendix. By using the appropriate set of equations describing the pH regions, the concentrations of all electroactive species can be estimated for the pH range from 0 to 14. The concentrations of the electroactive species assumed to be present in the electrolyte were calculated using MAPLE,23 and are presented in Fig. 2 as a function of pH. The results indicate that up to a pH of 7.1 the ions are predominantly in their respective bivalent states. Zn(OH), starts to precipitate at a pH of 7.1 and Ni(OH), at 7.3. The concentration of both metal monohydroxide ions, Ni(OH)+ and Fe(0H) +, increases with an increase in pH and reaches a maximum value just before the precipitation of their respective hydroxides starts to occur. Trivalent zinc ion, Zn,(OH)3f, also shows a similar behaviour. Fig. 2 illustrates the importance of the pH study of the system considered. It shows that the concentration of any electroactive species depends to a great extent on the system pH. Apart from having an effect on the mass transfer of any diffusion controlled species, electrolyte agitation would also change the nature of the species present at the electrode surface by influencing the pH. Even though the results obtained in Fig. 2 are for bulk equilibrium conditions, they stress the importance of pH and agitation conditions on the final alloy composition.
Linear sweep voltammetry (LSV)
LSV was used as an in situ technique to characterize the electrochemically formed thin layers of zinc, nickel and zincnickel alloys. The studies were carried out using fixed and rotating copper disc electrodes. The LSVs of pure metal deposition were compared with those when both metals are present in solution in order to obtain information on any interaction between the alloy deposition process and deposited metals.
Potentiodynamic stripping voltammograms of a zinc film electrodeposited from a solution containing 0.2 M ZnSO, + 0.5 M Na,SO, at pH 2.5 and u = 30 mV s-' in the absence and presence of convection are shown in Fig. 3 . In the absence of convection, the voltammogram obtained shows a cathodic peak at -1.2 V us. SCE, which can be attributed to both electrodeposited from electrolyte containing 0.2 M ZnSO, + 0.5 M Na,SO, at pH 2.5 at different rotation speeds hydrogen evolution and zinc deposition reactions. At more cathodic overpotentials, the cathodic current obtained is due to the water reduction reaction. In the presence of convection, the peak disappears and is replaced by a monotonically increasing cathodic current. This occurs as a result of a greater availability of H + and zinc ions for reduction. However, under both conditions the cathodic zinc deposition peak cannot be isolated from that of hydrogen evolution. Hence the anodic zinc dissolution peak, which can be isolated, was used to interpret the deposition of zinc. An increase in the anodic peak area is observed in Fig. 3 as the rotation rate of the electrode is increased. Previous studies24 indicate that the zinc deposition from sulfate electrolytes is under mass transfer controlled conditions. This dependence of zinc on mass transfer is qualitatively seen in Fig. 3 , where the area under the zinc dissolution curve increases with an increase in sweep rate thereby indicating that more material is deposited during the cathodic sweep cycle as the electrode rotation speed increases. Potentiodynamic stripping curves recorded in solutions containing 0.5 M NiSO, + 0.5 M Na,S04, pH 2.5 are shown in Fig. 4 . Nickel film was electrodeposited using copper rotating disc electrodes at u = 30 mV s-' and at different electrode rotation rates. In the cathodic sweep, there was no significant increase in current up to -0.9 V us. SCE. This indicates that nickel deposition occurs at a much more cathodic potential than its standard reduction potential. This is similar to the observation made by Lin and Selman" for the electrodeposition of nickel from chloride electrolytes. A distinct current peak at E,, = -0.19 V us. SCE for dissolution of nickel appears on the anodic branch of the curve. Increasing the electrode rotation speed from o = 200 to lo00 rpm causes the anodic peak area to decrease, indicating that the nickel deposition process from sulfate electrolytes is not mass transfer controlled, which is in agreement with the mechanism of single metal deposition of nickel suggested by Matulis and Slizy~.,~ The actual decrease in the peak area during the deposition of nickel can be attributed to the mass transfer dependence of the competing proton reduction reaction. H + ion transfer from the bulk to the electrode surface is the con- well defined current peaks on the anodic branch. A broad peak at Elpa = -0.7 V us. SCE and a second peak at EZpa = -0.24 V us. SCE are observed. The peak at -0.7 V us. SCE is more positive than the zinc dissolution peak shown in Fig. 3 . The anodic peak at -0.24 V us. SCE corresponds to that of nickel dissolution which is slightly more cathodic than obtained in Fig. 4 . The LSVs obtained when both metals are present in the solution (Fig. 5 ) are different from those formed by superposition of the ones obtained from the electrolytes containing pure zinc and nickel ions ( Fig. 3 and 4) indicating that an interaction between the two deposition processes and deposited metals does exist. The dissolution peak potential of zinc being more positive than that of pure metal ions may result from a significant free energy change upon mixing zinc and nickel in the solid phase or the formation of intermediate phases in the case of zinc-nickel alloys. At higher sweep rates the zinc peak at -0.7 V us. SCE splits into two distinct ones. A sharp peak occurs at Elpa = -0.7 V us. SCE and another at -0.575 V us. SCE. The zinc content in deposited zinc-nickel alloys in Fig. 5 varied from 84 to 91%. According to the zincnickel phase diagram26 an alloy with a zinc content between 84 and 92% is characterized at low temperatures with two intermediate phases, y and 6, respectively. In Fig. 6 , the anodic branch of the LSVs possesses two peaks which could be ascribed to the dissolution of zinc from the two intermediate phases. The first anodic peak (Elpa = -0.7 V us. SCE) corresponds to zinc dissolution from the zinc rich 6 phase (goo/, Zn). The second peak which occurs at -0.575 V us. SCE corresponds to dissolution of zinc from the y phase (zinc content varies between 76 and 87%). The small difference in the chemical potential of zinc in the two phases is due to the small difference in the nickel content in the alloy. Since the electrodeposition of zinc is under mass transfer ~o n t r o l~~.~~ one can expect that at a constant sweep rate, an alloy rich in zinc will be electrodeposited and subsequently stripped at higher rotation rates. Indeed this phenomenon was observed in Fig. 6 where potentiodynamic stripping voltammograms were obtained from previously electrodeposited zinc-nickel alloys on copper rotating disc electrodes at a constant sweep rate of 20 mV s-' and for different rotation speeds. As shown in Fig.  6 , by increasing the rotation speed of the copper disc electrode, the content of the intermediate phase rich in zinc (6) increases in the alloy, while the content of the y phase decreases. The third peak observed in Fig. 6 is that of the dissolution of nickel. Similar to those obtained in Fig. 4 , the nickel dissolution peak again decreases with an increase in the electrode rotation speed. This can again be explained by the presence of mass transfer dependent competing reactions, in this case both hydrogen evolution and zinc reduction reactions. Galvanostatic dc, pulse and pulse reverse plating of Zn-Ni alloys Galvanostatic pulse and pulse reverse plating of zinc-nickel alloys were carried out in the presence and absence of nonyl phenyl polyethylene oxide. Fig. 7 shows the zinc content of deposits obtained using dc deposition. The plating was carried out from an electrolyte containing 0.5 M NiSO, + 0.2 M ZnSO, + 0.5 M Na,SO, at a pH of 2.5 at 50°C. The zinc content in the deposit was determined for different electrode rotation rates as a function of the applied cathodic current density. By proper choice of the current density and the agitation conditions, alloy compositions were obtained with a zinc content between 82 and 91%. A maximum zinc content in the alloy is observed in Fig. 7 for all rotation speeds. The maximum shifts in the direction of higher current densities as the rotation speed of the electrode increases, indicating masstransfer controlled conditions for zinc deposition. Similar behaviour has been observed by Andricacos et aLZ8 for the deposition of Fe-Ni alloys. Fig. 8 shows the composition of zinc-nickel films plated on the rotating disc electrodes as a function of the average current density for different rotation speeds in the pc mode. The deposition was carried out using pulse plating with a duty cycle of 0.5 and frequency of 80 Hz at 50 "C. The composition of the electrolyte was the same as in Fig. 7 . At lower average current densities, the zinc deposition is under kinetic control and the zinc content in the alloy increases with increasing current density. As shown in Fig. 8 , the zinc content reaches a maximum and then decreases with increasing current density due to the hydrogen evolution being under mass transfer control. The position of the maximum observed in Fig. 8 shifts to higher current densities with increase in electrode rotation speed. As expected, at higher rotation speeds, the limiting current is attained at higher current densities. The peak potential E , at high current densities increases to a sufficiently negative value so that the mass-transfer limitation is the major factor determining the zinc content in the alloy causing a flattening of zinc content in the zinc composition profiles. During toff, in the pc mode, zinc dissolves at the same rate as the hydrogen discharge reaction to maintain a zero current. In other words, the mixed electrode potential is between the open circuit potential of H,/H+ and Zn/Zn2+ which is anodic for zinc thus causing dissolution of insignificant amounts of zinc. Fig. 9 shows the zinc composition vs. average current density at various electrode rotation speeds for pulse reverse mode. The zinc content in the alloy is lower for the pr mode compared with the zinc content values obtained in the pc mode. In the pr mode, the anodic current (i, = -0.2iJ during toff causes some of the zinc in the alloy to dissolve. Since nickel is passivated during the anodic process in a sulfate bath, the pr mode affects the zinc dissolution more than nickel dissolution. As seen in Fig. 9 for the pr mode, the zinc content in the alloy decreases with increasing rotation speed. The pr mode yields more anodic E , during the relaxation period compared to the pc mode under the same i , . Consequently, for the pr mode at high rotation speeds, the proton depletion will be less severe at the end of ton. Higher concentrations of H + at the end of ton will cause the oxidation of H, to occur at a lower rate during toff, which induces a more anodic potential for a given i,, which favours the zinc dissolution reaction. Fig. 10 shows the effect of nonyl phenyl polyethylene oxide on the alloy composition. Adsorption of nonyl phenyl polyethylene oxide on the electrode surface was expected to increase the surface overpotential due to the less effective exchange current density of the electroactive species participating in the reduction process. At a specific applied current density, the fractional coverage of the electrode surface with nonyl phenyl polyethylene oxide causes the operating poten- tial to be extended in either a cathodic or anodic direction without creating conditions for concentration depletion of the electroactive species at the interface. This is clearly seen in Fig.  10 , where for the pc mode, the hump of the zinc concentration profile shifts to a more cathodic current indicating that the mass transfer limitations for zinc reduction are delayed. For the pr mode, the presence of 2 g 1-l of nonyl phenyl polyethylene oxide in the electrolyte reduces the zinc content in the alloy due to the additive surface-coverage effect. In this case the hydrogen ion concentration is less depleted during to, because of the reduction in available surface area for hydrogen evolution reaction. Higher proton concentration during the toff period and a smaller surface reaction area decrease the rate of the hydrogen oxidation reaction which causes, for a specific applied average current density, the electrode to be polarized to a more anodic potential which favours the zinc dissolution reaction. Fig. 11 shows the pulse potential responses obtained at 500 rpm for different applied current densities. The galvanostatic pulse and pulse reverse experiments were carried out in sulfate electrolytes in the presence and absence of 2 g 1-' nonyl phenyl polyethylene oxide. As shown in Fig. 11 , the pc mode induces a more cathodic potential than the pr mode. This phenomenon can be explained by taking into account the fact that in the pc mode higher proton concentration and Zn2+ depletion is observed during to, because less replenishment of these electroactive species occurs during toff compared to the pr mode. In the pr mode, enforced dissolution of Zn2+ and proton production are present in the relaxation period. As shown in Fig. 11 , in the low average current density region, the difference in pulse potential responses in pc and pr modes is not significant.
In the presence of 2 g I-' nonyl phenyl polyethylene oxide in the electrolyte an enhanced polarization is observed which is more pronounced in the pc compared to the pr mode. The increased polarization is caused by the reduced available reactive area due to electrode coverage by nonyl phenyl polyethylene oxide. The increased polarization under potentiostatic conditions in the presence of organic additives has been explained the~retically.~' Slower kinetics rather than the concentration overpotential compensate for the potential drop which occurs in the presence of surface-active agents in the electrolyte.
The partial current efficiency for zinc sharply increases with increasing current density and levels off at 59 to 64%. Zinc partial current efficiency is also dependent on the electrode rotation rate. A small decrease in zinc partial current efficiency was observed with an increase in agitation from o = 0 to 1200 rpm due to the parasitic hydrogen evolution reaction, which is under mass-transport control. Nickel partial current efficiency gradually increases with increase in the average current density, levels off at 9.5 to 12.8% and is independent of agitation of the electrode.
Surface analysis
To study the influence of rotation speed of the electrode on the morphology of the electrodeposited zinc-nickel alloys, EDS spectrum of samples taken at an average current density of 50 A dm-' on a rotating copper disc electrode and at rotation speeds of (a) 100 and (b) 1200 rpm investigations were carried out using SEM and EDS. The zinc-nickel alloys were plated galvanostatically from electrolytes containing 0.5 M NiSO, + 0.2 M ZnSO, + 0.5 M Na,SO,. The deposition was carried out on fixed rotating copper disc electrodes at two different electrode rotation speeds, o = 100 and 1200 rpm. An EDS spectrum of zincnickel alloys plated by using current density of 50 A dm-2 and rotation speeds of 500 and 1200 rpm are shown in Fig. 12 . The zinc contents in the alloys were 88.1 and 90.8%, respectively. The same phenomenon was observed in Fig. 6 , which shows potentiodynamic stripping curves recorded at different electrode rotation speeds. Increasing the electrode rotation speed causes the zinc content in the alloy to increase. At high rotation speeds, a zinc rich (90% Zn) 6 phase is formed. The influence of the organic additive on the morphology of the electrodeposited zinc-nickel alloys was studied using incident light microscopy and incident interference microscopy. The zinc-nickel alloy was deposited using the sulfate electrolyte + 2 g 1-l nonyl phenyl polyethylene oxide, pH 2.5 and T = 50°C. The results obtained for zinc-nickel electrodeposition are summarized in Fig. 13 . The zinc-nickel alloy shows dendritic crystal growth when electrodeposited from NiSO, + 0.2 M ZnSO, + 0.5 M Na'SO, + 2 g 1-' nonyl phenyl polyethylene oxide, pH 2.5, T = 50°C (a) using the galvanostatic pulse technique, average current density I,, = -60 A dm-' at o = 500 rpm; (b) using the galvanostatic pulse technique, average current density I,, = -40 A dm-2, (c) using the galvanostatic pulse reverse technique, I,, = -60 A dm-', i, = 12 A dm-' at o = 500 rpm; and (d) using the galvanostatic pulse reverse technique, I,, = -40 A dm-', i, = 8 A dm-2 at w = 500 rpm baths without organic additives, shown in Fig. 13(a) . Addition of nonyl phenyl polyethylene oxide even in small quantities (50 mg 1-I) remarkably changes the morphology of the deposit Fig. 13(b) . The surface becomes brighter and the marks of the dendritic growth disappear. The concentration of the organic additive is not the only factor determining the deposit morphology. Other factors, such as current density and bath temperature, also contribute to the deposit morphology change. This phenomenon is illustrated in Fig. 13(c) which shows the same place on the surface as in Fig. 13(b) but as an interference metallographic picture. The interference lines are not completely straight, showing that bright and smooth deposits are not formed over the whole surface. When the optimal current density (I = 15 A dm-2) is applied and the electrodeposition is carried out using the sulfate electrolyte + 2 g 1-' nonyl phenyl polyethylene oxide, a mirror bright deposit is obtained over the whole surface, and as shown in Fig. 13(d) the interference lines are completely straight.
Typical SEM micrographs of samples prepared by galvanostatic pulse and pulse reverse modes are shown in Fig. 14. For the pc mode under low rotation speeds and high average current density, the deposits were cracked. Cracking is caused by the relaxation of metal hydrides which are the product of the hydrogen evolution rea~tion.~' For the pc mode when low average current densities were used for alloy deposition, the deposit grain size decreased and the deposit was not cracked.
By reducing the average current density and by increasing the rotation speed one can use the pr mode to deposit a zincnickel alloy without cracks. As shown in Fig. 14 , the deposit grain size increases when the pr mode was used as an alloy deposition technique. The observed increase in the deposit grain size may be explained as follows. According to P~i p p e ,~' the crystal nucleation rate, which is inversely proportional to the deposit grain size, is enhanced by increasing the overpotentials. Since the pr mode induces a less cathodic potential than pc mode due to the higher solution concentration in the vicinity of the electrode, the pr technique has a higher crystal growth rate than the pc plating technique.
In Fig. 15 , the pulse reversal technique was used to deposit a zinc-nickel alloy using an average current density of I,, = -40 A dm-', i, = 3.0 A dm-' and a rotation speed of 500 rpm. The deposition was carried out from an electrolyte containing: 0.5 M NiSO, + 0.05 M ZnSO, in the presence and absence of nonyl phenyl polyethylene oxide at 50°C. As shown in Fig. 15 , the levelling effect is evident for zinc-nickel deposits electrodeposited from the bath which contained nonyl phenyl polyethylene oxide.
Conclusion
The codeposition of zinc-nickel alloys in the presence of nonyl phenyl polyethylene oxide is explained taking into account zinc-nickel plating bath solution chemistry, mass transfer of ionic species and electrode surface reactions. Linear sweep voltammetry was used as an in situ technique to characterize thin layers of zinc-nickel alloys. The zinc dissolution potentials from zinc-nickel deposits were found to be more positive than those of the pure metal ions due to formation of two zinc-nickel intermediate phases y and 6 respectively. Galvanostatic pulse and pulse reverse techniques were used to study the plating of zinc-nickel alloys in the presence of nonyl phenyl polyethylene oxide. At low applied average current densities in pc and pr mode, the zinc deposition is under kinetic control and an increase of the polarization increases the zinc content in the deposit. For the pc mode at low average current densities the main electrode reactions are nickel deposition and hydrogen evolution. In this region the zinc content decreases as the rotation speed increases. Limitation due to mass transfer becomes more important at higher average current densities. At this region, higher electrode rotation speeds correspond to larger zinc contents in the deposit. The applied anodic current during toff in the pr mode forces more anodic potentials compared with the pc mode which favours the zinc dissolution. The role of nonyl phenyl polyethylene oxide on zinc-nickel codeposition was explained by the effect of surface coverage.
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Notation
concentration of species i, mol/cm3 cathodic peak potential, V anodic peak potential, V average current density, ip x to,/(ton + to,,), A cm-' dc current density, A cm-' bulk concentration of species i, M concentration of adsorbed species i, M pulse peak current, A cm-2 pulse reverse peak current, A cm-' equilibrium constant of chemical reaction i time, s pulse time, s relaxation or reversal time, s potential scan rate, mV s-' charge number of species i 
